The blood clearance of 51Cr-labelled heat-killed Salmonella pullorurn was biphasic and exponential for each phase. This pattern was the same for all three concentrations of bacteria used. The initial more rapid phase lasted for approximately 15 minutes when roughly 90% of the bacteria had been cleared. The second slower phase started 25 to 30 minutes post-inoculation and lasted for approximately 25 to 30 minutes. The tissue distribution of bacteria showed that in both absolute and relative terms, the kidney was the most important organ, accounting for more than 70% uptake of the bacteria.
Fish are becoming increasingly important both in terms of their farming potential (aquaculture) and the possibility of their use as sentinels for detecting environmental pollution. Many of the more economically serious diseases of fish are bacterial, and yet little is known about the in vivo fate of su:h pathogens.
Many workers have emphasized the efficiency of the reticuloendothelial system in clearing the bloodstream [27] and the kinetics of the clearance of particulate matter (both inert colloids and bacteria) usually has been accepted as a direct measure of this phagocytic efficiency [29] . Despite substantial work on reticuloendothelial kinetics in mammals, there is little knowledge of the subject in teleost fish, or ectothermic vertebrates in general. Indeed, we can find only one report describing in vivo rates of reticuloendothelial clearance in fish-in the goldfish (Curussius uurutus), lamprey (PetromyconJluviutiZis) 7 and dogfish (Scylliorhinus caniculus) [25] .
The histological and ultrastructural location and distribution of intravenously and intraperitoneally injected vital dyes and other particles have been studied in several fish species [lo, 11, 17,23, 24,3 I] . These studies represent in broad terms a "mapping outy7 of the fish reticuloendothelial system in both fresh and saltwater species, ranging from primitive to advanced members of the group.
Briefly, these studies (largely using colloidal carbon) showed that in teleosts, the spleen and kidney (both anterior and posterior) were important reticuloendothelial 687 tissues in addition to their hemopoietic role. In the spleen, the carbon initially located in sinus-associated macrophages and within the reticulin sheaths of the ellipsoids. The phagocytic cells of the ellipsoidal sheaths progressively endocytosed the carbon trapped in the reticulin meshwork, and after three weeks, the sheaths were virtually clear of carbon but also were depleted of phagocytic cells. By this time much of the carbon was concentrated within the melanin macrophage centers-the distinctive lymphoid-invested discrete aggregates of ceroid-, lipofuscin-, or melanin-containing cells found in the spleen, kidney, and liver of most teleosts [26] . It is thought that macrophages, often replete with debris of host cell or parasite origin, migrate to melanin macrophage centers from many sites in the body including the spleen [9, 141. It is recognized that this migration pattern has certain similarities to that in the fowl in which either macrophages or dendritic cells migrate from the ellipsoids into the lymphoid malpighian areas, with the consequent formation of a germinal center [30] , and that melanin macrophage centers therefore may represent primitive analogues of the germinal centers of higher vertebrates.
In the kidney, the carbon was located in the lining cells of the peritubular capillaries in the posterior excretory portion. In the anterior, largely hemopoietic portion of the ludney, the carbon was located mainly in the sinus lining cells. Three weeks after injection, as in the spleen, most of the carbon was found in the melanin macrophage centers. In the heart, the endocardium of the atrium was highly phagocytic for carbon and other biological particles. The spongy trabecular fish heart thus provides a large surface area for efficient, although vulnerable, phagocytosis. By contrast with mammals, very little phagocytic activity was found in the liver and no highly phagocytic Kupffer-like cells were present. Limited endocytosis was noted by the numerous fat-storing cells (cells of Ito) in Disse's spaces [l 11. In the blood, monocytes and thrombocytes had endocytotic activity, but lymphocytes, and notably neutrophils were totally inactive [13] . Some phagocytic activity was seen in other sites, notably the gills, submucosa, and lamina propria of the intestine and round blood vessels associated with the pancreas, but with the exception of the gills, these were of much less significance than the tissues already mentioned.
The present functional study was undertaken first to determine the kinetics of reticuloendothelial clearance in rainbow trout, an economically important species in Canada and many other countries, and to compare the results with the mammalian situation. Second, it was hoped to correlate the findings with what is known already of the histological location of the reticuloendothelial system in this and other species of teleost fish. The study comprised injecting heat-killed Salmonella pullorum into the dorsal aorta of catheterized or non-catheterized fish, and investigating their subsequent fate. The bacteria were radioisotopically labelled with 51Cr, the measurement of radioactivity being interpreted as directly correlated with the numbers of bacteria present in any sample. There were three major sections to the study: first, the clearance of bacteria from the bloodstream over one hour; second, the effect of bacterial numbers on this clearance; and third, the distribution of the bacteria through various tissues over one hour.
Materials and Methods
Fish: Rainbow trout were obtained from a commercial, specific pathogen free fish farm. The fish were the same age, of mixed sex, and varied in weight from 304 to 512 g. They were held in dechlorinated partially recirculated aerated water cooled to 8°C * 0.5"C. They were fed a commercially compounded pelleted diet on a daily basis up to two days prior to experimentation, when food was withheld. Although there was little difference in water temperature between the farm and the laboratory facilities, the fish were nevertheless allowed an acclimatization period of at least three weeks before experimentation. The photoperiod in the laboratory was 12 hours light and 12 hours dark.
Holding apparatus: After catheterization, the fish was placed in a plexiglass tube, 45 cm long and of 10 cm inside diameter. Both ends of the tube were blocked with plexiglass plates that were perforated to allow a free flow of water. The back plate was moveable along the length of the tube to allow access to the fish and to enable the length to be adjusted to the fish size to create a snug fit. The catheter tube was exited through a V-shaped notch in the top of the front end plate. Four of these tubes were supported side by side on a platform floated in a large tank of water cooled to 8°C and aerated to allow free movement of water through the tubes.
Salmonella pullorum was chosen because it is non-flagellated, and therefore complications due to the presence of bacterial fragments (and hence different particle sizes) are avoided. In addition, it is unlikely that the fish would have been exposed to this species of Salmonella and complications due to the presence of specific antibody therefore would be avoided.
The procedures for labelling the bacteria with 51Cr were a modification of a previous method [19] . Briefly, an 18 hour, 5 L, trypticase soy broth culture was killed by heating at 60°C for two hours, centrifuged, washed three times in saline, and resuspended in 20-ml saline. Viable counts were done before the bacteria was killed, thereby establishing a final bacterial concentration of 9.5 X 10"/ml. Two ml of this bacterial suspension were incubated for 72 hours at 37°C with 1 mCi of 51Cr as sodium chromate in 2-ml saline (Frosst, Montreal, Quebec). To remove unbound label, the bacteria were dialyzed against running water, centrifuged, and then resuspended in saline to give a final volume of 4 ml and hence a final concentration of 4.75 X 10" bacteria/ml. Pre-and post-dialysis aliquots were removed and their radioactivities compared. The percentage uptake thus determined was 89%: representing the mean of five samples tested on separate occasions. Taking into account decay, the loss of radioactivity from the bacteria due to unbinding of the label was negligible. This was determined over various periods of time up to one week, at temperatures ranging from 4°C to 24"C, with the bacteria in normal saline solution as well as mixed with a pooled fish serum sample. It was felt, therefore, that the label would not detach from the bacteria once they were injected into the fish, at least over the time period of the study.
To study the effect of bacterial numbers on clearance kinetics, bacterial suspensions of 2.4
x 10" bacteria/ml and 4.75 x lo9 bacterial/ml also were prepared. The procedure was the same as already described except that instead of 2-ml bacterial suspension, 1 ml and 0.2 ml, respectively, were incubated with the 1-mCi sodium chromate. Percentage uptake of label in these cases was 53.5% and 10.1%, respectively. Catheterization procedure: A fish was selected randomly and anesthetized with tricaine methanesulphonate at a concentration of 1/12,000. It was then weighed, placed upside down in a V-shaped trough, and water pumped across its gills by tubes inserted under the opercula ( fig. 1 ). The water, which was recirculated, also contained the anesthetic at a 1/12,000 concentration, and was oxygenated and maintained at a temperature approximately the same as the holding tank, i.e., 8°C.
We used the previously described technique of dorsal aorta catheterization with few variations [18] . Briefly, a catheter support sleeve was inserted through a naris and a predeter- mined length of polyethylene catheter tubing was passed through this. The tip of the tube was cut in an oblique angle to produce a sharp point, and a small hole was made through the skin in the dorsal mid-line just anterior to the first gill arch. The catheter tube then was inserted through this hole and pushed into the dorsal aorta. The tubing was filled with heparinized saline throughout the procedure, and entry into the aorta was checked by withdrawing a small amount of blood, by means of a syringe attached to the end of the tube via a 23 gauge hypodermic needle. The tube then was attached to the roof of the mouth in the mid-line using three sutures of 5/0 silk. Tightly made knots around the catheter support sleeve anchored the catheter in place without blocking its lumen. A final check indicated that the catheter still was patent ( fig. 2 ) and a plug fashioned from a 23 gauge hypodermic needle then was inserted into the end of the catheter which was full of heparinized saline. The fish was removed from the V-trough and revived in fresh water before being placed in the holding apparatus. The entire operation took approximately 20 minutes. Fish were catheterized in two groups of four on consecutive days.
Injection and sample methods: Each catheterized fish received an injection of the bacterial suspension via the catheter at a dose level of 0.2 m1/275 g. This was followed immediately by a flush of heparinized saline of sufficient predetermined quantity to just expel the bacterial suspension from the catheter. The plug was replaced until the first blood sample was required. Upon removing the plug, the saline in the catheter was expelled by the pressure of the blood. The first drop of blood was discarded as it usually was mixed with residual saline. Digital pressure on the catheter controlled the flow of blood, and a 44.7 pl sample was collected using heparinized glass capillary tubes of standard volume. The blood in the catheter was flushed back into the fish with heparinized saline and the plug was replaced. By this means, four fish were sampled in two minutes f 15 seconds. Blood samples were taken every five minutes after injection, up to one hour. No fish used to investigate the tissue distribution of the bacteria were catheterized. Each fish was anesthetized with 1/12,000 tricaine methanesulphonate, weighed, and the bacteria injected at the same dose level as before, directly into the dorsal aorta. The bacterial concentration used for this experiment was 2.4 X 10" bacteria/ml. To minimize bleeding from the injection site, a plug made from a modified 23 gauge hypodermic needle was inserted into the puncture wound, after which the fish was revived in fresh water and allowed to swim freely in an individual tank. Fish were killed by a sharp blow to the head every five minutes after injection up to one hour. A 44.7 pl blood sample was taken immediately from the dorsal aorta, and various tissues were removed. These comprised the heart minus bulbus arteriosus (removed as soon as possible to stop blood circulation), spleen, liver, all of the kidney (both anterior and posterior), one gill arch, and a piece of muscle with skin attached taken immediately anterior to the dorsal fin.
Counting methods: The 44.7 pl capillary tubes containing blood were wiped to remove excess blood and placed in glass counting vials that each contained 5-ml saline. Similarly, the tissues were blotted to remove excess blood and placed in pre-weighed saline-containing counting vials. These were weighed again, and the weight of tissue was derived. All samples were counted for ten minutes in an Automatic Gamma Counting System, Model 4233 (Nuclear Chicago Corp., Des Plaines, IL). Background and decay standards were taken in every instance.
Results
The clearance curves from the bloodstream of the bacteria at all three concentrations are shown in fig. 3 . They show that the clearance had two components, an initial rapid phase lasting for approximately 15 minutes, and then a second slower phase of 25 to 30 minutes starting between 25 to 30 minutes post-injection, with an overlap period of 10 to 15 minutes. This was true for bacteria at all three concentrations. Each phase can be regarded as a straight line, i.e., each had an exponential clearance.
The correlation coefficients, slopes, and half-times (T 1/2) of these two components are given in table I for all three bacterial concentrations. The correlation coefficient of the first component at the lowest bacterial concentration (4.75 x 109/ml) was not calculated because we felt there were insufficient points to derive a true picture. The calculated slopes demonstrate numerically what is visualized easily from the graph: that the slopes of the first components for all concentrations of bacteria were very similar to one another, as were those of the second components. The only real difference, therefore, between the various bacterial concentrations used in this study lies in the numbers of bacteria present in the bloodstream at any given time.
If the initial rapid phase is extrapolated to time-zero (this ignores any mechanisms which may have been operating to clear the blood within the first five minutes), subsequent values then can be expressed as a percentage of the time-zero value. This is shown in table I1 for all bacterial concentrations, and it can be seen that approximately 90% of the bacteria injected were cleared within 15 minutes.
The results of the tissue distribution of bacteria following their injection into the dorsal aorta are shown in table 111. They show that while the blood levels reduced with time, the tissue levels had little tendency to rise after their initial five-minute level. In absolute terms, the tissues with the greatest uptake of bacteria, in descending order of importance were: kidney, gills, then heart, spleen, and liver varying in importance with time, and last, muscle. Even when expressed in relative terms, i.e., counts per g of tissue, which ignores the size of the organ, the kidney was still the most important tissue, and muscle the least, with the remainder varying with time. After 60 minutes, when it might be expected that phagocytosis was the most dominant clearance mechansim (as opposed to any purely physical trapping, e.g., within a capillary bed), the relative uptake in descending order was kidney, spleen, gills, liver, heart, and muscle. Expressed in absolute terms as a percentage of the injected dose (table IV), the kidney and gill, together, accounted for more than 80% of the injected dose. By itself, the kidney accounted for 70.5% of the injected dose.
Discussion
These experiments have shown that the clearance over one hour of killed Salmonella pullorum from the bloodstream of rainbow trout can be regarded as an exponential function of their vascular concentration in relation to time, with a biphasic mode. The initial rapid phase lasted up to approximately 15 minutes, when 90% of the injected bacteria had been cleared, while the secondary slower phase dominated from 30 to 60 minutes. In addition, the study has shown that this biphasic clearance was independent of, and very similar for, each of the concentrations of bacteria used. In both absolute and relative terms, the kidney was the most important organ for uptake of bacteria, and after one hour it contained 70.5% of the injected dose.
Various mechanisms must be considered when attempting to explain the progressive reduction in blood counts (clearance) over the one hour. First, there is the dilution effect immediately following injection, representing distribution of the bacteria throughout the plasma. Second, the physical entrapment or passive uptake and sequestration of bacteria within reticuh meshworks and capillary beds of the kidney, spleen, gills, and other tissues must be considered. In this context, the sequestration to and occupation of available sites on the cell membranes of phagocytes also must be considered. This may or may not be regarded as a passive mechanism since in vitro studies using rat peritoneal macrophages have shown that adherence of a variety of particles such as latex or glutaraldehyde-treated sheep red blood cells may or may not be inhibited by various treatments, such as cold or azide, which are known to interfere with cell functions [2]. Next, and probably one of the most important mechanisms, is nonimmiine opsonization-facilitating adherence to fixed macrophages. Despite the use of an avian species of bacterium in an attempt to reduce complications with specific antibody, fish are known to possess numerous nonspecific humoral factors which may have an opsonizing effect [7] -possibly analogous to the aspecific opsonins (alphaz-surface binding glycoproteins or fibronectin) of sera in man [4, 221 . Some authors [ 1, 31 consider that levels of circulating antibody determine not only the rate of clearance, but also the length of time for which the initial rapid phase lasts. Uptake of bacteria by circulating monocytes or thrombocytes probably occurs (although by different mechanisms), as both these leukocytes in fish will endocytose colloidal carbon [13] and bacteria [21] in vivo. This process per se would not, of course, result in clearance as measured in our study because the cells could remain in the blood sample, but the importance of intravas-cular coagulation caused by platelet activation and aggregation induced by bacteria or other colloids, is well recognized in mammals [6, 161 and such mechanisms should not be overlooked in this instance. The final mechanism operating to clear the bloodstream of the bacteria is phagocytosis by reticuloendothelial cells with possible recruitment of immature or other cells, and a consequent continuing release and replenishment of sites on the plasmalemma available for cytoadherence of more bacteria.
The relative importance of these mechanisms, or which mechanism dominates in each phase of the clearance in the present study, is unknown. The purely dilution effect immediately following injection would have taken place before the first five-minute sample, and, therefore, is not accounted for. The biphasic nature of the clearance in the present study may be a reflection of alterations in levels of opsonins or in the number of thrombocytes, with the slower second phase representing an exhaustion of these mechanisms. If this were true, however, one might expect that varying the numbers of bacteria injected would alter at least the first phase, and this did not happen. Similarly, if passive sequestration and saturation of available sites were an important initial component of clearance, then one might expect that more bacteria would saturate these sites sooner, and thus the second phase would start earlier than 15 minutes. Once again, this did not happen.
A biphasic clearance is seen in rats (Rattus norvegicus) injected with colloidal carbon [6] . With doses of 2, 4 and 8 mg/100 g body weight, the second phases were parallel, but the initial rapid phases were not parallel, as was true in the present study. A biphasic clearance was seen in mice (Mus musculus) injected with Salmonella enteritidis [3], although in this study only the initial clearance was regarded as exponential. In these mice, approximately 80% of the injected bacteria were cleared within ten minutes, although this varied according to dose. This compares with 81% in the trout, a surprisingly similar level considering the lower temperature and hence lower metabolic rate at which the fish were kept. A temperature of 8°C would not, therefore, seem to markedly diminish the efficiency of vascular clearance mechanisms in this species of fish, by comparison with mammals. Taken in either relative or absolute terms, the kidney contained the highest numbers of bacteria at any time throughout the one hour. Teleost kidney comprises an anterior hemopoietic portion, and a posterior portion with nephrons in addition to interstitial hemopoietic tissue. No distinction was drawn between anterior or posterior kidney, but results not included in this paper show that they are of equal importance. This experimental sequestration of bacteria to the kidney correlates well with diagnostic pathology experience. The kidney is considered one of the prime sites for bacterial isolation, and in many diseases such as bacterial kidney disease caused by Renibacterium salmoninarum or furunculosis (Aeromonas salmonicida), bacteria are seen easily in histological sections of this tissue, especially associated with the peritubular capillaries [15] . The teleost kidney possesses a portal system and is supplied with blood draining from the entire tail region. In an intensive aquaculture situation, fin and tail erosion is encountered commonly, and extrapolation of the experimental findings suggests that any bacteria or other pathogens gaining access to the bloodstream via such minor skin wounds would be expected to localize in the kidney.
Comparative studies on antigen localization in carp (C'prinus carpio) [28] and plaice [28] demonstrate the importance of the kidney in trapping both soluble and particulate antigens, although there was no attempt to quantify the results. In addition to the kidney, however, they stressed the importance of the spleen, particularly the reticulin sheaths of the ellipsoids. In the present study, there was a greater variation in localization of bacteria in the spleen than with other tissues. This is difficult to explain, although as in mammals, contractile elements have been seen in the axial vessels of plaice ellipsoids [ 111, suggesting shunting as a possibility.
Localization of bacteria to the gills was extensive and confirms earlier observations for carbon in plaice [ 1 I]. The suggested similarity of pillar cells in the secondary lamellae to mammalian reticuloendothelial cells [20] was highlighted recently in rainbow trout [5] by demonstrating carbon and latex particle phagocytosis by these cells and the presence of rhabdovirus within them following viral hemorrhagic septicemia. Thus, while the gills do provide an extensive capillary network for passive bacterial trapping, it also is possible that some activity in the present study was due to phagocytosis by pillar cells.
The atrial endocardium of plaice is highly phagocytic for carbon, but less so for bacteria or yeast [12] and not at all for bovine serum albumin [8] . The present findings suggest some uptake of bacteria in the heart, but both ventricle and atrium were included in measurements: the ventricle weighed much more than the atrium, thus reducing the relative importance of atrial phagocytosis.
Thus, the distribution of the bacteria correlates with the known location of the reticuloendothelial system in fish, but the results highlight the relative and absolute importance of the kidney in rainbow trout. The blood clearance was biphasic and exponential, and the rates were independent of the concentrations of bacteria used here. The reasons for the biphasic clearance are unknown and must await further study.
